ABSTRACT
INTRODUCTION
pathogen attack. However, plants have antioxidant systems, including enzymatic antioxidants, such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), as well as non-enzymatic antioxidants, such as glutathione, ascorbic acid, and tocopherols, which help restore the redox homeostasis and alleviate oxidative damage (Mittler et al., 2002; Apel and Hirt, 2004) . Alternative oxidase (AOX) activation plays a role in detoxification of the harmful effect of reactive oxygen species (ROS) and in the maintenance of cellular redox homeostasis under adverse stresses (Moore et al., 2002) . NONEXPRESSOR OF PR GENES1 (NPR1), a key regulator of systemic acquired resistance (SAR), is essential for salicylic acid (SA) signal transduction (Rockel et al., 2002) . In an uninduced state, NPR1 is present as an inactive oligomer formed through intermolecular disulfide bonds. During SA induction, NPR1 is reduced to an active monomer that can translocate from the cytosol to the nucleus, which leads to defense gene activation (Mou et al., 2003) . NPR1 plays important roles in activating defense gene and mediating plant defense response (Zhang et al., 1999) . In addition, during pathogen or SA induction, NPR1 regulates the high transcript accumulation of callose synthase (CalS) genes CalS1 and CalS12 in the formation of callose (Dong et al., 2008), 7 which is related to defenses against fungal and oomycete pathogens. LPS are known to activate the PR gene and to promote innate immune responses in plants. Considerable efforts are made to evaluate the molecular mechanisms and the associated signal transduction cascades of LPS during the activation of defense responses. LPS from various sources can induce defense responses in pepper without triggering the oxidative burst and SA synthesis (Newman et al., 2002) . In contrast, Zeidler et al. (2004) showed that LPS-treated Arabidopsis could cause NO generation, which plays a significant role in defense gene activation. NO is a redox regulator of the NPR1/TGA1 system that promotes the nuclear translocation of NPR1 (Lindermayr et al., 2010) . However, the role of NPR1 in the LPS-induced defense responses in Arabidopsis is undefined.
In this study, we investigated the signaling mechanism of NO during LPS treatment, and demonstrated the important role of NPR1 in LPS-induced innate immunity. 
Results

LPS protect Arabidopsis from pathogen infection
LPS from Gram-negative bacteria stimulate a series of defense-associated plant responses, and strongly enhance plant response to subsequent bacterial infection (Dow et al., 2000) . When Arabidopsis were inoculated with Pseudomonas syringae pv. maculicola (Pma) DG3 (virulent), the wild-type (WT) plant leaves without LPS treatment turned light yellow and finally wilted and died (Fig. 1A) ; whereas plants pretreated with 100 μ g mL -1 LPS showed no visible symptoms after 3 d post-inoculation (dpi), although minute yellow disease lesions were observed at 5 dpi. The npr1 mutant plants showed more developed chlorotic lesions compared with WT plants, and LPS-treated npr1 plants showed no significant improvement on disease progression both at 3 and 5 dpi. In addition, the numbers of bacteria were significantly reduced by LPS treatment in WT plants but not in npr1 plants (Fig. 1B) . This finding correlated with the disease symptoms shown in Figure 1A . For pathogen growth assays in Figure   1B , the npr1 Arabidopsis were more susceptible than WT plants and showed obvious lesions at 5 dpi. Such damaged leaves resulted in nutrition loss and limited bacterial growth rate. Therefore, the bacterial numbers in npr1 plants were nearly maximal at 3 dpi (Fig. 1B ).
Significant role of NOS-like enzyme in mediating LPS-induced NO synthesis in protoplasts
NR and NOS are two key enzymes responsible for plant NO biosynthesis. It seems that plant NOS is not a canonical animal NOS, but it uses the same substrate and cofactors as the animal NOS. Therefore, pharmacological analyses with mammalian NOS inhibitors are often used to study the physiological mechanism of plant NO production. However, the effects of mammalian NOS inhibitors in plants are somewhat difficult to interpret because the molecular targets and specificity of these compounds are unknown. In this experiment, we combined pharmacological and genetic approaches to investigate the potential source of NO using a mesophyll protoplast system. The 9 freshly isolated Arabidopsis mesophyll protoplasts are similar to those in intact tissues and plants in physiological and cell-autonomous responses (Tena et al., 2001 ).
LPS-induced NO accumulation could be detected after approximately 80 min and leveled off at about 150 min (Supplemental Fig. S1 ). LPS application resulted in a significant increase of 3-Amino,4-aminomethyl-2',7'-difluorescein (DAF-FM)
fluorescence, which could not be inhibited by the NR inhibitor, sodium tungstate.
However, the increases were markedly decreased by incubating the protoplasts together with mammalian NOS inhibitors Nω-nitro-Larginine (L-NNA, 300 µM), N G -nitro-L-Arg-methyl ester (L-NAME, 300 µM), or NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO, 300 µM) (Fig. 2 , A and C). Furthermore, we tested the NO level in mutant nia1nia2 Arabidopsis that exhibited null NR activity (Zhao et al., 2009) , Atnoa1 mutant, gsnor1-3 plant (also named hot5-2), which is a loss-of-function mutation in Arabidopsis thaliana S-nitrosoglutathione reductase 1 (AtGSNOR1) (Feechan et al., 2005) , and cue1 mutant (also known as nox1) with elevated L-Arg levels. In contrast to WT plant, nia1nia2, and Atnoa1 Arabidopsis, in which no significant DAF-FM fluorescence were observed, gsnor1-3 and cue1 mutant protoplasts showed increased endogenous NO levels under normal conditions. Protoplasts of gsnor1-3 and cue1 exhibited significantly high levels of DAF-FM signals under LPS induction (Fig. 2 , B and C). Although the basal NO level in Atnoa1 and nia1nia2 plants was lower than that in WT plants, the DAF-FM fluorescence levels of protoplasts from both these mutants were also elevated under LPS treatment. It has been suggested that DAF does not react directly with the NO free radical, but does so with NO-derived species (such as N 2 O 3 ) (Mur et al., 2011) . To confirm that the changes in fluorescence were caused by NO itself, Electron
Paramagnetic Resonance (EPR) analysis was also used. The presented data also demonstrated NO production after LPS treatment (Fig. 2D ). In addition, an increase in NOS-like enzyme activity was detected during LPS induction, and these increases were dramatically inhibited by L-NNA and L-NAME (Fig. 2E) treatment, we did not observe any increased NR activity in both WT and nia1nia2 plants. On the contrary, a slight inhibition on NR activity was seen in WT plants (Fig.   2F ). The results demonstrate that the NOS-like enzyme possibly plays a key role in LPS-elicited NO generation.
LPS-activated defense responses are dependent on NPR1
The transgenic PR1:GUS reporter plants were used to detect the PR1 gene expression (Gust et al., 2007) , which marks the SA-dependent gene expression. As shown in Figure   3A , when the seedlings were grown on Murashige and Skoog (MS) medium with LPS, a strong PR1:GUS expression was induced; PR1:GUS in these transgenic seedlings was present primarily in the cotyledons and in the older leaves, but absent in the roots. The Arabidopsis NPR1 protein plays an essential role in SA-mediated SAR (Kinkema et al., 2000) . To test whether LPS-activated PR1 expression acts through an NPR1-dependent signaling pathway, the effect of LPS on PR1 activation in WT and npr1 mutant plants was investigated. A transient increase in PR1 transcripts was detected at 6 h after LPS application in WT plants, and showed high accumulation at 12 h. However, LPS treatment did not promote increased PR1 transcripts in the npr1 plants (Fig. 3B) .
We further analyzed callose deposition and the expressions of CalS1 and CalS12 genes to investigate the role of NPR1 on these LPS-induced responses. After 24 h of LPS treatment, callose deposition was observed in WT plants but not in npr1 plants (Fig.   3 , C-E). Analysis of the CalS1 and CalS12 gene expressions by RT-PCR revealed that, after 12 h of LPS treatment, the CalS1 and CalS12 transcriptions were significantly increased in WT plants (Fig. 3 , F and G), whereas no significant differences in the amount of RT-PCR products were found in the npr1 mutant plants with and without LPS treatment (Fig. 3, F and G). These data imply that LPS induction led to direct PR1 transcription and callose deposition, which are related to an NPR1-dependent signaling pathway.
LPS treatment leads to a nuclear localization of NPR1
To test the hypothesis that LPS might affect the subcellular localization of NPR1, we analyzed the distribution of NPR1-GFP during LPS induction. Cytosolic fluorescence in a protoplast system is difficult to detect because the fusion protein in larger cells is too diffuse, as pointed out by Kinkema et al. (2000) . Thus, guard cells were used in this experiment for analysis. As shown in Figure 4 , while in the treatment with control solution, NPR1-GFP fluorescence mainly occurred in the cytoplasm, with a small amount occurring in the guard-cell nuclei. However, strong NPR1-GFP fluorescence localized predominantly to the guard-cell nuclei when the seedlings were treated with LPS. NO scavenging with cPTIO or inhibitors of the mammalian NOS (L-NNA, L-NAME) prevented the translocation into the nucleus. 2-Aminoindan-2-phosphonic acid (AIP), an inhibitor of phenylalanine ammonia lyase (PAL), also partially inhibited LPS-induced nuclear localization of NPR1. Moreover, the addition of the NO scavenger cPTIO, mammalian NOS inhibitors or AIP alone did not induce the nuclear translocation of NPR1-GFP. These results suggest that LPS treatment resulted in a nuclear localization of NPR1, for which a NO-modulated mechanism is responsible.
Involvement of NO in induction of AOX gene expression and up-regulation of antioxidant enzyme activity
As early as 3 h, the AOX1a and AOX1b transcripts significantly increased upon LPS induction. Genes were apparently expressed after 6 and 9 h of treatment, albeit to a lesser extent than that at 3 h (Fig. 5, A and B) . However, AOX1c and AOX1d only showed slight accumulation, and the AOX2 expression was almost not changed (Fig. 5, C-E). Furthermore, we also evaluated the AOX gene expression with NO scavenger cPTIO and inhibitors of the mammalian NOS to determine the specificity of NO signal.
The evidence that LPS plus cPTIO, L-NNA, or L-NAME markedly reduced the AOX1a and AOX1b induction supported the conclusion that NO was positively correlated with the LPS induction of AOX genes. In addition, compared with that in WT Arabidopsis, AOX1a and AOX1b transcript accumulations were reduced in the npr1 mutant (Fig. 5F ). 
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antioxidant enzymes (SOD, POD, and CAT) were assessed in the LPS-treated leaves.
As shown in Figure 6 , significant increases of SOD, POD, and CAT activities occurred at 6 h in WT Arabidopsis. The npr1 mutant showed lower enzyme activities than WT plants (Fig. 6D) . The LPS-induced increases in antioxidant enzyme activities (SOD, POD and CAT) were decreased by NO scavenger cPTIO and mammalian NOS inhibitors (Fig. 6 , A-C). These results point to the involvement of NO in LPS-induced up-regulation of antioxidant enzyme activities.
NO-mediated processes in the regulation of cell redox status
Pathogen attack triggers ROS production, especially hydrogen peroxide (H 2 O 2 ), which could result in oxidative damage and impairment of cellular functions. AOX and enzymatic antioxidants play significant roles in ROS scavenging, and thus influence the cellular redox state. The oxidized roGFP in transgenic Arabidopsis that expressed mit-roGFP1 was measured to evaluate the redox state following inhibitor treatment.
LPS pretreatment decreased the pathogen Pma DG3-induced mit-roGFP1 oxidation as well as H 2 O 2 production, whereas this effect was reversed by AOX inhibitor Salicylhydroxamic acid (SHAM), inhibitors of the mammalian NOS (L-NNA, L-NAME), and NO scavenger cPTIO (Fig. 7 , A-C).
Furthermore, we determined levels of reduced glutathione (GSH) and oxidized glutathione (GSSG), which is an important antioxidant buffer system, to get more information on overall cellular redox states. During the pathogen infection, GSH to GSSG ratios decreased, reflecting an increasing oxidative stress (Fig. 7E) . Total antioxidant capacity, as an indicator of the intracellular redox state, was also decreased after the pathogen challenged (Fig. 7F ). LPS pretreatment could enhance GSH to GSSG ratio and antioxidant capacity, however, which were drastically reduced with inhibitor treatments (Fig. 7 E and F) .
NO is responsible for LPS-induced plant defense responses
The effects of mammalian NOS inhibitors and NO scavenger on callose deposition and PR1 gene expression were studied to investigate the role of NO production in 
DISCUSSION
The experimental evidence supports that LPS, as plant defense activator, can lead to NO production and play a key role in plant disease resistance (Delledonne et al., 1998; Melotto et al., 2006) . However, the biosynthetic origin of NO and the signaling mechanisms underlying these cellular responses are not fully resolved. Our findings demonstrated that LPS treatment protected Arabidopsis from bacterial infection (Fig. 1) . Gomez-Gomez et al., 1999; Galletti et al., 2008; Millet et al., 2010) . In the present study, we found that LPS as a typical PAMP could directly induce such defense-related responses (Fig. 3) . Therefore, the cellular defense responses involved in induced resistance are either activated directly or primed for augmented expression upon pathogen attack. Although directly activated and primed resistances seem to share several common features, including callose deposition and defense-related gene expression, the differences suggest that different mechanisms exist. Determining the corresponding mechanisms is a challenge and will be the focus of future research.
LPS-induced PR1 accumulation was observed in leaves but not in roots, whereas the LPS-induced callose accumulated significantly both in leaves and roots of WT Arabidopsis (Fig. 3, A and C by seedlings than by fully grown plants. Taken together, our findings indicate that PR1 transcription and callose deposition that are directly induced by LPS constitute plant innate immunity, which protects Arabidopsis against pathogen infection.
NO-mediated maintenance of redox homeostasis contributes to LPS-induced plant resistance responses
Two key enzyme pathways are responsible for NO synthesis in plants: reduction of nitrite to NO by NR and oxidation of Arg to citrulline by NOS (Besson-Bard et al., 2008; Neill et al., 2008) . Although considerable efforts need to be made to identify the plant NOS activity, a summary of the L-Arg-dependent NOS activity detected in tissues of different plant species support the existence of NOS activity in plants (Corpas et al., 2009 ). In the present study, the endogenous NO level in WT protoplasts was markedly decreased after addition of inhibitors of the mammalian NOS, but not after addition of sodium tungstate, an NR inhibitor (Fig. 2) . Although pharmacological analyses with mammalian NOS inhibitors have been used to explore the mechanisms of LPS-induced NO production in Arabidopsis, it should be noted that significant questions remain concerning the specificity and targets of these compounds in plants. Beside NOS, mammalian NOS inhibitors could also affect the activities of other L-Arg metabolizing enzymes, and have been proposed to interact with other substances (Peterson et al., 1992; Besson-Bard et al., 2008) . Recent evident also suggests that L-NAME could inhibit NR activity (Rasul et al., 2012) . Therefore, we should also not rule out the possibility that the effects of mammalian NOS inhibitors could be complex.
Furthermore, NR-null mutant nia1nia2 protoplasts also generated NO induced by LPS (Fig. 2) . A slight inhibition on NR activity was also seen in WT plants by LPS treatment (Fig. 2F) , while the transcript levels of NIA1 and NIA2 did not decrease (Supplemental Fig. S7 ). It has been proposed that post-translational regulation of NR takes place in response to various treatments (Lillo et al., 2004) . We did not show evidence whether NR was modulated by a post-translational mechanism or how the NR activity was regulated. Further studies to elucidate the mechanism are warranted. Moreover, the addition of L-Arg promoted NO generation and the cue1mutant, which accumulates L-Arg, also showed high NO levels during LPS treatment. These observations provide further support for the hypothesis that L-Arg-dependent NOS-like enzyme is likely responsible for the biosynthetic mechanism involved in LPS-induced NO because L-Arg is the NOS substrate for generating NO. GSNOR, which reduces GSNO to GSSG and NH 3 , plays critical roles in modulating cellular NO status (Lee et al., 2008) . The higher NO content in gsnor1-3 mutant protoplasts than that in WT under LPS treatment (Fig. 2) suggests that GSNOR activity is involved in the regulation of NO contents in our conditions. Delledonne et al. (1998) reported that NO can potentiate hypersensitive cell death concomitant with the ROS burst during inoculation with an avirulent pathogen, but that less ROS were produced together with NO in response to a virulent strain. In the present study, NO alleviated mit-roGFP1 oxidation and decreased 3, 3′-diaminobenzidine (DAB) staining during LPS induction (Fig. 7) . These results indicate that different mechanisms We also found that inhibitors of mammalian NOS, together with LPS treatment, partially inhibited the LPS-induced effect (Fig. 8) . Exogenous application of NO donor SNP could decrease development of disease. These findings confirm the significant contribution of NO to LPS-induced resistance responses in plants. 
LPS-induced defense responses are dependent on NPR1
NPR1 plays an important role in defense gene activation (Zhang et al., 1999; Ahn et al., 2007) . During pathogen or SA induction, NPR1 regulates the high transcript accumulation of CalS genes, CalS1 and CalS12 (Dong et al., 2008) . However, little is known about the signal transduction pathway leading to LPS-triggered defense responses. The LPS-induced increases in both PR1 transcripts and callose deposition were nullified in npr1 mutant plants (Fig. 3, B and C) , and these effects were correlated with a faster development of disease lesions in npr1 plants (Fig. 1) . These findings highlight the importance of NPR1 in LPS-induced immune responses. NO is a redox regulator of the NPR1/TGA1 system that promotes the nuclear translocation of NPR1 (Lindermayr et al., 2010) . We found that NPR1-dependent PR1 expression and callose deposition induced by LPS were impaired by inhibitors of mammalian NOS and NO scavenger (Fig. 8, A-C) ; this result points to the involvement of NO on regulating NPR1-dependent responses. On the other hand, the NO-mediated up-regulation of SOD, POD, and CAT activities, as well as AOX1a/b expressions were affected in the npr1 mutant ( Fig. 5F; Fig. 6D ). It is likely that NPR1 and NO somewhat act synergistically in mediating LPS-triggered defense responses. Further studies are needed to elucidate this mechanism. Nuclear localization of NPR1 is required for SA signal transduction to activate PR gene expression upon SAR induction (Kinkema et al., 2000) . In a non-induced state, oxidized NPR1 forms an inactive oligomeric complex that remains in cytosol; meanwhile, intermolecular disulfide bonds of NPR1 are reduced under SAR induction, thus leading to the translocation of NPR1 to the nucleus (Mou et al., 2003; Pieterse and Van Loon, 2004) . We observed enhanced nuclear fluorescence of NPR1-GFP in guard cells after LPS induction (Fig. 4) . Although more recent studies argue that the isochorismate synthase (ICS)-mediated pathway is the predominant route for pathogen-induced SA accumulation in Arabidopsis, plant enzymes that convert IC to SA have not been identified; while other evidence suggest that a PAL-mediated pathway also is operational in disease resistance (Dempsey et al., 2011 3-Amino,4-aminomethyl-2',7'-difluor-escein diacetate (DAF-FM DA) and cPTIO were obtained from Molecular Probes (Eugene, OR, USA). LPS, SNP, SHAM, Sodium tungstate, L-Arg, L-NNA, L-NAME, 5-bromo-4-chloro-3-indo-lyl-β-D-glucuronide, and diethyldithiocarbamate (DETC) were purchased from Sigma-Aldrich (Shanghai, China). Aniline blue was purchased from Acros Organics.
LPS preparation and treatment
LPS were purchased from Sigma-Aldrich, and were dissolved as previously described LPS was added to protoplast suspension in 48-well plates and incubated for indicated time period at room temperature.
Pathogen growth and inoculation
The bacterial strain used in this study was Pseudomonas. syringae pv. maculicola DG3, and was grown at 28 o C in Kings B medium supplemented with appropriate antibiotics (Lu et al., 2003) . Overnight log phase cultures were collected by centrifugation, washed with 10 mM MgCl 2 , and then diluted to the final OD 600 of 0.01 (for appearance determination) and 0.0001 (for pathogen growth assay). The procedures of pathogen inoculation and bacteria growth assays were as described previously (Mishina and Zeier, 2007) .
Protoplasts isolation
Protoplasts isolation was performed using 14 to 21-d-old Arabidopsis according to a www.plantphysiol.org on January 30, 2018 -Published by Downloaded from Copyright © 2012 American Society of Plant Biologists. All rights reserved.
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procedure previously described (He et al., 2006; Li et al., 2012) . The purified protoplasts were washed three times with W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose, 1.5 mM Mes-KOH, pH 5.6) and adjusted to a density between 10 5 and 10 6 protoplasts mL -1 with W5 solution.
NO labeling and measurements
The Arabidopsis protoplasts loaded with DAF-FM DA were analyzed as described previously (Yao and Greenberg, 2006) . Briefly, freshly isolated protoplasts in 48-well cell culture plates were preloaded with DAF-FM DA at room temperature. Subsequently, protoplasts were washed three times with W5 solution (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, 5 mM glucose, 1.5 mM Mes-KOH, pH 5.6) before treatments. 
NO detection by EPR
After 2 h of treatment, 500 μ l of cells were harvested and then were incubated in 0.6 ml of buffered solution (50 mM Hepes, 1 mM dithiothreitol, 1 mM MgCl 2 , pH 7.6) at 37°C for 2 min. After sample preparation, the supernatant was added to 300 5-bromo-4-chloro-3-indo-lyl-β-D-glucuronide solution, the samples were boiled in 95%
ethanol for 10 min to remove the chlorophyll.
Callose staining
Approximately 10 
Visualization of NPR1
10-day-old seedlings expressing NPR1-GFP grown on MS medium were transferred to 24-well plates containing 400 μ L of liquid MS media with 100 μ g mL -1 LPS and/or other solutions, and then were analyzed for GFP fluorescence after 12 h treatments.
Arabidopsis leaf tissues were mounted in water and imaged with a Zeiss LSM 510 for guard cell assays. GFP fluorescence was captured following excitation at 488 nm and detection at 505 to 550 nm.
RNA extraction and RT-PCR analysis
Total RNA was extracted using the TRIzol reagent (Invitrogen) according to the manufacturer's specifications. First-strand cDNA was synthesized from total RNA using a Reverse-iT first-strand synthesis kit (ABgene).
The transcript levels of CalS1 and CalS12 genes were analyzed by Gel analysis, and were quantified from the gel photos. The gene-specific primers of CalS1, CalS12 were used as described (Dong et al., 2008) . The actin2 gene was amplified as a semi-quantitative control (Fan et al., 2008) .
The transcriptions of AOX genes, PR1, NIA1 and NIA2 genes were analyzed by www.plantphysiol.org on January 30, 2018 -Published by Downloaded from Copyright © 2012 American Society of Plant Biologists. All rights reserved.
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Quantitative RT-PCR (qRT-PCR). The gene-specific primers were used as described (Umbach et al., 2005; Mang et al., 2009; Konishi and Yanagisawa, 2011) . The actin2 gene was amplified as a quantitative control (Fan et al., 2008) . For qRT-PCR analyses, the Light Cycler 2.0 instrument (Roche Applied Science) and SYBR green real-time PCR master mix (Toyobo, Japan) were used to run the three-step programme. PCR cycling conditions for amplification were 95 °C for 60 s followed by 40 cycles of 95 °C for 5 s, 55 °C for 10 s, and 72 °C for 30 s. Relative expression levels were calculated using the 2 (−ΔΔCt) analysis method.
Enzyme activity assays
NOS activity was determined with the NOS Assay Kit (sigma). Freshly isolated protoplasts were incubated with LPS or in the presence of mammalian NOS inhibitors, and were measured according to the manufacturer's instructions. The fluorescent product, which was formed from 4, 5-diaminofluorescein (DAF-2) reacted with NO produced by NOS, was measured using an excitation filter at 492 nm and an emission filter at 515 nm. The activity of NOS was expressed as relative value.
The NR activity was determined following the modified method (Zhao et al., 2009 ).
The activities of three antioxidant enzymes, CAT, POD and SOD, were spectrophotometrically measured as described previously (Huang et al., 2010) . SOD activity was detected by monitoring the absorbance decrease at 560 nm due to the inhibition of NBT reduction. One unit of SOD activity was defined as the amount of enzyme that inhibits the photochemical reduction of NBT in 50% considering the absorbance of the control mixture as 100%. The increase in absorbance at 470 nm was measured for POD activity, and one unit of POD activity was defined as the increase of absorbance by 0.01 per min. The CAT activity was determined at 240 nm, and one unit of CAT activity was defined as decrease of the absorbance by 0.01 per min.
DAB Staining
For H 2 O 2 detection, healthy or infected leaves were incubated in 1 mg mL 
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cleared by boiling in 95% ethanol for 10 min to remove the chlorophyll completely. The reddish color of the leaves as evidence of H 2 O 2 was visualized by light microscopy. For each treatment, the percentage of stained DAB area was determined by the software ImageJ.
Measurements of roGFP1 fluorescence
The roGFP1 degree of oxidation was determined as described (Rosenwasser et al., 2010) . Leaf discs were excited by using 400 ± 15 nm and 485 ± 10 nm filters, and fluorescence values were measured using a 525 ± 10 nm emission filter. Leaf pieces were perfused with 10 mM H 2 O 2 and then 10 mM DTT to drive the roGFP1 towards the fully oxidized and reduced forms, respectively. The degree of oxidation of roGFP1 was calculated according to Schwarzländer et al. (2008) .
Total antioxidant capacity
Total antioxidant capacity was detected by a total antioxidant capacity assay kit with ABTS method (Beyotime). Measurements were performed in triplicate for each extract according to the manufacturer's specifications. Antioxidant capacity was determined relative to the reactivity of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) as a standard.
Determination of glutathione
Glutathione levels were measured based on the DTNB [5,5′-dithiobis (2-nitrobenzoic acid)]-recycling enzymatic method. The extracted samples were divided into half for assay of total glutathione (GSH + GSSG) and for GSSG alone as described previously (Ge et al., 2007) . The absorbance change at 412 nm was measured and the glutathione concentration was evaluated by comparison with a standard calibration curve. quantitative analysis of DAB-stained areas (C), and were collected at 12 h for determination of glutathione levels (D), the ratios of GSH to GSSG (E) and total antioxidant capacity (F). Data are means ± SE of at least three independent experiments. Different letters indicate statistically significant differences between treatments (Duncan's multiple range test, P < 0.05). 
